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After having shown that ectoine (a tetrahydropyrimidine) displays osmoprotective properties towards
Escherichia coli (M. Jebbar, R Talibart, K. Gloux, T. Bernard, and C. Blanco, J. Bacteriol. 174:5027-5035,
1992), we have investigated the involvement of this molecule in the osmotic adaptation of Rhizobium meliloti.
Ectoine appeared almost as effective as glycine betaine in improving the growth of R. meliboti under adverse
osmotic conditions (0.5 M NaCI). Moreover, improvement of growth of rhizobial strains insensitive to glycine
betaine was also observed. Ectoine transport proved inducible, periplasmic protein dependent, and, as shown
by competition experiments, distinct from the transport of glycine betaine. Medium osmolarity had little effect
on the uptake characteristics, since the rate of influx increased from 12 to only 20 nmol min-' mg of protein-
when NaCI concentrations were raised from 0 to 0.3 or 0.5 M, with a constant of transport of 80 FM.
Natural-abundance "C-nuclear magnetic resonance and radiolabelling assays showed that ectoine, unlike
glycine betaine, is not intracellularly accumulated and, as a consequence, does not repress the synthesis of
endogenous compatible solutes (glutamate, N-acetylglutaminylglutamine amide, and trehalose). Furthermore,
the strong rise in glutamate content in cells osmotically stressed in the presence of ectoine suggests that,
instead of being involved in osmotic balance restoration, ectoine should play a key role in triggering the
synthesis of endogenous osmolytes. Hence, we believe that there are at least two distinct classes of
osmoprotectants: those such as glycine betaine or glutamate, which act as genuine osmolytes, and those such
as ectoine, which act as chemical mediators.

Rhizobia are soil bacteria which display symbiotic interac-
tions with specific legume hosts. Most of these bacteria are very
sensitive to a soil water deficit, which adversely affects their
dinitrogen fixation capacity and hence the productivity of the
whole legume plant (1, 8, 19, 38). Much attention has been
focused during the last decade on the mechanisms of osmotic
adaptation in several rhizobium species (18, 41, 42). Rhizobium
meliloti, the microsymbiont in alfalfa root nodules, has been
extensively investigated (5, 6, 22, 36), and the mechanisms
governing turgor restoration of bacterial cells growing under
hyperosmotic conditions have been partially elucidated. Spe-
cifically, concomitant accumulations of potassium and gluta-
mate ions were pointed out as the primary response in R
meliloti (6), and the same mechanism has been found in most
of the bacterial species investigated thus far (7, 27). Trehalose
and the dipeptide N-acetylglutaminylglutamine amide (NAGGN)
(37) are also accumulated, probably to help the bacterial cells
in balancing the high osmotic pressure of the medium. Among
a series of exogenously supplied osmoprotectants, glycine
betaine and proline betaine proved the most effective (3, 14).
Their effect is quite similar to that found in members of the
family Enterobacteriaceae (23) except that lowering medium
osmolality triggers catabolism of betaines in R meliloti (3, 14,
36). A transport system involving a periplasmic glycine betaine-
binding protein was identified previously (24, 40). Glycine
betaine and proline betaine uptakes are strongly activated
during osmotic stress, whereas the enzymes of the catabolic
pathways of these molecules are severely repressed (14, 36).
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However, it should be mentioned that preculturing the cells in
the presence of choline allows for further glycine betaine
degradation (36) even in media of high osmolality.
To improve knowledge of osmoregulation of rhizobia, we

have investigated the effect of ectoine, which seems to exhibit
osmoprotective properties without being accumulated. Ex-
tracted and purified from Brevibacterium linens (2), an osmo-
tolerant coryneform gram-positive eubacterium, this tetrahy-
dropyrimidine improves the growth of Escherichia coli under
conditions of high salt concentration (20). Ectoine also osmo-
protected several rhizobial species (Rhizobium leguminosarum,
Bradyrhizobium japonicum, and a Rhizobium sp.) which proved
insensitive to most of the osmoprotectants assayed so far.

MATERIALS AND METHODS

Bacterial strains and culture media. The following rhizobial
strains were used in this study: R meliloti 102F34, B. japonicum
USDA 110, R. leguminosarum USDA 2370, R leguminosarum
128C53, R. leguminosarum bv. trifolii USDA 2068, and a
Rhizobium sp. (from Hedysarum coronarium). All these strains
have previously been used to study the effect of glycine betaine
(3). R meliloti RCR 2011 and its derivative GMI 766 (Anod
fix4), which is defective in glycine betaine, choline, trigonel-
line, stachydrine, and carnitine catabolism (15), were also
investigated. All strains were grown aerobically overnight on
MSY (mannitol-salts-yeast extract) rich medium (29) and
inoculated at a final concentration of 1% (vol/vol) into minimal
medium (LAS) containing 0.1% (wtlvol) sodium aspartate,
0.1% (wt/vol) sodium lactate, and the same salts as in MSY
medium. Cells were grown under constant stirring (120 rpm) at
30°C, and the osmolarity of the medium was increased by the
addition of NaCl when necessary. A solution of 100 mM
ectoine extracted and purified from Brevibacterium linens (2)
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was filter sterilized through cellulose acetate membranes
(0.22-,um pore size) and added to the culture medium at a final
concentration of 1 mM when necessary. Bacterial growth was
monitored by A420 measurements. Protein contents of the
cultures were determined by the method of Lowry et al. (26),
with bovine serum albumin used as a standard.

Extraction of cellular solutes. The pellet of freshly harvested
and washed cells was extracted at least twice with 80% (vol/vol)
ethanol under vigorous magnetic stirring at room temperature
for 15 min. After centrifugation, the supernatants (ethanol-
soluble fraction) were pooled, filtered through cellulose ace-
tate membranes (0.22-p,m pore size), evaporated to dryness at
40°C, and finally dissolved in distilled water. The ethanol-
insoluble pellets contained the intracellular macromolecular
components and cell envelopes.

Chromatographic analysis and nuclear magnetic resonance
(NMR) spectroscopy. The ethanol-soluble fraction was used
directly or after partial purification by passage through a
cation-exchange column (10 by 0.5 cm; Bio-Rad AG50 x 8,
H+ form). Neutral and acidic compounds were discarded by
washing the resin with distilled water, and the cationic fraction
(containing amino acids and related molecules) was recovered
after elution with 2 M NH40H.' After concentration, the
solutions were analyzed by paper chromatography and thin-
layer chromatography, paper high-voltage electrophoresis, and
high-pressure liquid chromatography as described by Gouesbet
et al. (16). Prior to quantitative analysis, the neutral fraction
(containing sugars) was treated as described by Larsen et al.
(21) and analyzed for trehalose content. A sample of this
fraction was also hydrolyzed in 6 M HCl (110°C for 20 h) or in
9 M KOH, and the resulting amino acids were determined
after ninhydrin treatment and monitoring of the A570 (17).
The natural-abundance 13C-NMR spectra were recorded in

the pulsed Fourier transform mode at an operational fre-
quency of 75.4 MHz as previously described (2). Briefly,
samples of exponentially growing cells (80 mg of protein) were
washed twice with the salt solution of the LAS medium and
extracted twice with 80% (vol/vol) ethanol. The solutions were
evaporated to dryness, and the residues were dissolved in 0.6
ml of D20.

Radiolabelling assays. L-[U-'4C]aspartate (7.4 GBq mmol';
Commissariat a l'Energie Atomique, Gif-sur-Yvette, France) was
used to label the intracellular solutes accumulated during the
growth ofR melloti 102F34 under hyperosmotic conditions. The
radioactive amino acid was supplied to cell suspensions at the
beginning of the growth in a minirmal medium with or without 0.5
M NaCl and with or without 1 mM ectoine. Each sample (10 ml)
contained 5.8 mM labelled aspartate (specific radioactivity, 0.2
MBq mmol'). The suspension was incubated aerobically in test
tubes (18 by 1.8 cm) at 30°C. Respired CO2 was trapped on a strip
of filter paper (1 by 3 cm) moistened with 0.2 ml of 5 M KOH.
Samples of the suspension were taken at intervals, assayed for
their radioactivity (after filtration), and extracted with 80% (voV
vol) ethanol. The radioactivities of the insoluble and soluble
fractions were measured separately. An aliquot of the soluble
fraction was submitted to two-dimensional paper chromatogra-
phy as mentioned above.' Amino acids in the insoluble pellet were
determined after hydrolysis and chromatography as described
above. The major labelled compounds from the ethanol-soluble
fraction were separated by using an appropriate combination of
electrophoresis and chromatography and eluted from the paper.
Enzymatic (trehalase) and chemical (acid hydrolysis) treatments
were used to confirm the identities of trehalose and the dipeptide.

Chemical synthesis. The dipeptide NAGGN was synthe-
sized by the procedure of Smith and Smith (37) and purified
either by passage through a Dowex 50 H+ resin or by a

combination of electrophoresis in formic acid (3%, vol/vol)
and paper chromatography using n-butanol-acetic acid-water
(12:3:5, vol/vol) as the solvent mixture. The purity was con-
trolled by 13C-NMR spectroscopy and [14C]glutamate detec-
tion in the acid hydrolysate of the dipeptide isolated from
['4C]aspartate-fed cells.

Preparation of labelled osmoprotectants. ['4C]ectoine (10.2
MBq mmol-1) was extracted from cultures of Brevibacterium
linens grown in minimal medium supplemented with L-[U-
14C]glutamate as described previously (20). [methyl-'4C]glycine
betaine (2.15 GBq mmol-1) was prepared as described by
Perroud and Le Rudulier (30) from [methyl-14C]choline chlo-
ride (NEN Research Products, Dupont de Nemours, Les Ulis,
France).

Transport assays. Cells grown in minimal medium with or
without 1 mM ectoine were centrifuged (5,000 x g for 10 min),
washed twice with an isotonic minimal medium, resuspended
to an A420 of 5, and maintained at room temperature for 30
min. Ectoine uptake assays were performed as described
previously (20), using [14C]ectoine (10.2'MBq mmol-1) at final
concentrations ranging from 10 to 300 ,uM in 400 ,ul of
bacterial suspensions.

Binding assays. Periplasmic proteins were released by the
cold-osmotic shock procedure of Neu and Heppel (28) from
cells grown in the presence of ectoine. Binding activities were
detected by nondenaturing polyacrylamide gel electrophoresis
as described by Le Rudulier et al. (24).
Measurement of cell volume. Total cellular volumes were

determined by the method of Stock et al. (39), using [carboxyl-
14C]inulin (111 MBq g1) (New England Research Products)
and 3H20 (400 MBq ml-1) (Amersham, Les Ulis,'France) as
radioactivity markers. Bacterial cells were collected by centrif-
ugation (5,000 x g for 10 min) and concentrated to an A420 of
20. Subsamples (500 ,u) of this suspension were incubated for
30 min with radiolabelled inulin (2 x 105 dpm) or with tritiated
water (2 x 106 dpm) to determine the extracellular and total
volumes of the pellet, respectively. Radioactivity from the
supernatant and from the pellet was determined in a liquid
scintillation spectrometer.

Nodulation controls. The capacity of the different strains of
rhizobia to nodulate Medicago sativa, Pisum sativum, Trifolium
repens, and Glycine max was checked as previously described
(32).

RESULTS

Ectoine-induced salt tolerance in R. meliloti. To determine
the effect of ectoine on the growth of R. meliloti 102F34 under
conditions of high osmolarity, the cells were cultivated in
minimal LAS medium containing 0.3, 0.5, or 0.7 M NaCl or no
NaCl. Ectoine was supplied at a final concentration of 1 mM.
An assay using glycine betaine at the same concentration was
carried out in parallel for comparison. Data presented in Table
1 show that growth of the bacteria was severely inhibited by 0.5
or 0.7 M NaCl (50 and 95% decrease of growth yield,
respectively). Furthermore, the lag phase was longer and the
doubling times increased 4- and 15-fold, respectively, in the
presence of 0.5 or 0.7 M NaCl. Incorporation of ectoine and
glycine betaine into the standard culture medium did not
modify growth parameters, whereas a strong improvement in
growth was observed in media with high salt concentrations.
The effects of glycine betaine and ectoine on cell growth were
similar, differing only in a longer lag time observed with
ectoine at 0.7 M NaCl. Surprisingly, in the presence of 0.3 M
NaCl plus ectoine, the growth yield was 1.5-fold higher than in
standard medium. Furthermore, the addition to the LAS
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TABLE 1. Effect of ectoine and glycine betaine in improvement of growth of salt-stressed R meliloti 102F34'

Result with the indicated osmoprotectant':

nc (M) None 1 mM ectoine 1 mM glycine betaine

DT (h) Ama LT (h) DT (h) Ama LT (h) DT (h) Ama LT (h)

0.0 4.3 4 0.5 4.5 4.9 0.5 4.5 4.4 0.5
0.3 6.3 4 4 5.3 6 3 5 4.5 2
0.5 18 2.1 5.5 7.5 4.1 6 6.5 4.1 3
0.7 60 0.2 60 18 0.8 22 14 0.9 10

a Cells were grown aerobically in LAS minimal medium containing lactate and aspartate as C and N sources.
b DT, doubling time; Am., maximal absorbance; LT, growth lag time. Data are the means of triplicate assays (standard deviations never exceeded 5%).

medium of 1 mM glutamate, a-ketoglutarate, or succinate
failed to mimic the ectoine salt tolerance effect. Hence, ectoine
appeared almost as effective as glycine betaine in improvement
of growth of salt-stressed R meliloti cells.

Characteristics of ectoine uptake in R. melloti. Cells grown
in media without ectoine did not accumulate significant
amounts of label from [14C]ectoine until 40 min after ectoine
was added, regardless of osmolarity. Beyond this delay, the
uptake rate (5.8 nmol min-1 mg of protein-1) was quite similar
to that observed for cells grown beforehand in the presence of
1 mM ectoine (7.6 nmol min-' mg of protein-') (Fig. 1). The
inducibility of a transport system by ectoine was therefore
investigated. As expected, chloramphenicol-treated cells did
not show any significant uptake activity (0.06 nmol min-- mg
of protein-'). The induction seemed specific for ectoine since
glycine betaine neither triggered nor repressed ectoine uptake.

Kinetic constants indicate that ectoine uptake activity was
increased little by raising medium osmolarity. Indeed, the
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FIG. 1. Induction of ectoine transport in R meliloti cells. [Cl4Cec-
toine (3.95 MBq mmol-1; 290 ,uM) uptake assays were caffied out in
]LAS medium. Prior to each assay, the cells were grown in LAS
medium to an A420 of 0.6 and then transfeffed to basal ]LAS medium
with (0) or without (O) 1 mM ectoine or to basal LAS medium
containing 1 mM ectoine and 100 pg of chloramphenicol ml-' (M) and
incubated for 4 h.

maximal rate of ectoine uptake in cells grown in LAS medium
without NaCl was 12 nmol min-1 mg of protein-', and that in
the presence of 0.3 or 0.5 M NaCl was 20 nmol min-' mg of
protein-'. In contrast, the Km remained constant (80 ,uM)
irrespective of NaCl concentration. To assess whether the
ectoine transport system is distinct from that of glycine betaine,
we examined the effect of unlabelled competitors on [14C]ec-
toine and [14C]glycine betaine uptakes. No competitive effects
were observed when glycine betaine, choline, or proline was
used in 10- to 100-fold excess with respect to [f4C]ectoine.
Under these conditions, only unlabelled ectoine was capable of
reducing [14C]ectoine uptake by 90 and 100%, respectively.
Similarly, [14C]glycine betaine uptake was affected only by the
presence of an excess of unlabelled glycine betaine. Thus, the
ectoine uptake system should be considered distinct from that
of glycine betaine.

Since R meliloti, like other gram-negative eubacteria, is
capable of transporting a variety of organic solutes, including
glycine betaine (24, 40), through periplasmic protein-depen-
dent transport systems, the periplasmic shock fluid from R
meliloti cells was analyzed by electrophoresis and labelling with
[14C]ectoine or [14C]glycine betaine for the detection of the
corresponding binding proteins. Figure 2 shows that two
distinct protein bands were labelled with ectoine and glycine
betaine, indicating that the periplasm ofR meliloti contains an
ectoine-binding protein distinct from the glycine betaine-
binding protein.
The fate of ectoine. To specify the fate of ectoine, we first

analyzed the ability ofR meliloti 102F34 to utilize ectoine as a
nitrogen or carbon source in LAS medium deprived of lactate
and aspartate but containing various ectoine concentrations (5
,uM to 5 mM). It appeared that ectoine was used as the sole

1 2 3 4

FIG. 2. Identification by nondenaturmngpolyacrylamide gel electro-
phoresis of an ectoine-binding protein mn the periplasmic fluid of R.
meliloti. Samples (35 g) of periplasmic proteins from ectoine-induced
cells were incubated with ['4C]glycine betaine or [14Clectoine as
described in Materials and Methods. Lanes 1 and 2, proteins incubated
with 7 p.M [14C]glycine betaine (2.15 and 0.01 GBq mmol-1, respec-
tively); lanes 3 and 4, proteins incubated with 10 PM [14C]ectoine
(0.115 and 0.01 GBqmmol2f respectively).
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FIG. 3. The fate of [14C]ectoine in R meliloti 102F34. Cells were

grown in 0.5 M NaCl-LAS medium supplemented with 1 mM [14C]ec-
toine (0.83 MBq mmol-'), and radioactivity was determined in the
different fractions during the growth. Symbols: 0, A420; 0, radioactiv-
ity in the medium (in disintegrations per minute per milliliter); [1,

radioactivity of the ethanol-insoluble material (in disintegrations per
minute per milligram of protein); *, radioactivity of the ethanolic
extract (in disintegrations per minute per milligram of protein).

nitrogen and carbon source but gave rise to significant growth
only at concentrations above 0.1 mM. Under these conditions,
growth yield was proportional to ectoine concentration. When
cells were grown in minimal medium containing ectoine as
both carbon and nitrogen sources in the presence of 0.3 and 0.5
M NaCl, growth yield and growth rate were both affected by
the medium osmolarity. However, R meliloti GMI 766, which
is defective in the catabolism of various osmoprotectants,
including glycine betaine, carnitine, choline, and stachydrine
(15), was still capable of growing on ectoine as the carbon and
nitrogen source. Thus, the assimilation pathway of ectoine is
distinct from that described for the compounds mentioned
above.
To examine the intracellular fate of ectoine, bacterial cells

were grown to anA420 of 0.6 in minimal medium containing 0.5
M NaCl and 1 mM [14C]ectoine and the radioactivity of
cellular ethanolic extracts, insoluble material, and evolved CO2
was determined. Surprisingly, radioactivity was detected
mainly in the insoluble (32%) and in the CO2 (56%) fractions,
whereas only 12% was found in the soluble fraction. Similar
data were obtained with cells grown in the presence of 0.3 or
0.7 M NaCl. Time course experiments were then performed
with cells grown in 0.5 M NaCl to analyze more thoroughly the
phenomenon. Figure 3 clearly shows that the incorporation of
the radiocarbon into the insoluble material starts at the earliest
stages of growth and increases until the medium is depleted of
ectoine. Furthermore, in the ethanol-insoluble fraction, the
radioactivity was recovered within several amino acids but
ectoine was not detected. Radioactivity in the ethanolic extract
never exceeded a third of that in insoluble material. Chromato-
graphic analysis of the ethanolic extract showed that ectoine

presented only traces of radioactivity and reached a maximal
intracellular concentration of 12 mM. These data indicate that
ectoine is catabolized during cell growth even under conditions
of high osmolarity and that its carbons are partially incorpo-
rated into cell macromolecules. It is noteworthy that the
maximal intracellular ectoine concentration which was re-
corded (12 mM) cannot counterbalance the osmotic pressure
developed by the presence of 0.5 M NaCl in the external
medium.

Identification of the major intracellular solutes. Since ecto-
ine, though displaying osmoprotective properties, is not accu-
mulated by R. meliloti, a natural-abundance 13C-NMR analysis
was undertaken to identify the main intracellular solutes in
bacterial cells grown in the presence or absence of 0.5 M NaCl
and/or 1 mM ectoine. Except for a small peak corresponding to
trehalose, the spectrum of ethanolic extracts of cells grown in
the absence of NaCl (Fig. 4) displayed no major signal while
that of cells grown with 0.5 M NaCl exhibited several peaks.
The calculated chemical shifts at 184.05, 177.31, 57.36, 36.15,
and 29.67 ppm (with tetramethylsilane as a standard) were
similar to those of commercial glutamate. Resonances at 95.93,
75.25, 74.88, 73.77, 72.41, and 63.26 ppm correspond to the
glucose moiety of trehalose. Furthermore, a series of signals at
180.60, 180.54, 178.50, 177.21, 176.47, 55.99, 55.60, 33.77,
29.34, and 24.39 ppm might correspond to the dipeptide
NAGGN (see reference 37). To confirm this hypothesis, the
spectra of NAGGN purified from R. meliloti and of NAGGN
obtained by chemical synthesis were compared. Since the two
spectra proved similar, NAGGN is, with glutamate and treha-
lose, the main accumulated solute in R. meliloti cells in the
presence of 0.5 M NaCl. It should be noted, however, that
ectoine, contrary to the other major solutes mentioned above,
was not revealed by NMR spectroscopy in cells of R. meliloti
grown in the presence of 1 mM ectoine in a medium containing
0.5 M NaCl. Moreover, it did not repress the accumulation of
the major endogenous solutes.

Determination of intracellular glutamate, NAGGN, and
trehalose. Since only three compounds were revealed by NMR
spectroscopy, they probably are the only organic solutes in-
volved in cell turgor maintenance. The levels of intracellular
glutamate, NAGGN, and trehalose were determined for eth-
anolic extracts of cells grown in LAS medium with or without
0.5 M NaCl and/or 1 mM ectoine. The variations of the
intracellular levels of the different compounds during bacterial
growth were estimated.
When cells were grown in a medium of low osmolarity, the

levels of glutamate, NAGGN, and trehalose were quite con-
stant during the exponential growth phase, with 80, 50, and 40
nmol mg of protein-1, respectively. When cells were grown in
the presence of 0.5 M NaCl (Fig. 5), the trehalose content
rapidly reached 200 nmol mg of protein-' and then increased
slowly up to 250 nmol mg of protein-1. Glutamate was the only
accumulated amino acid, with levels of 175 nmol mg of
protein-1 at the beginning of growth and 520 nmol mg of
protein-' in the middle of the exponential growth phase and
then a slow decrease down to 260 nmol mg of protein-1 at the
end of the growth. The NAGGN level increased during
bacterial growth, up to 400 nmol mg of protein-' at the early
stationary growth phase. When cells were grown in the pres-
ence of 0.5 M NaCl and 1 mM ectoine, a strong increase of the
intracellular glutamate level was observed. Indeed, the gluta-
mate content reached 950 nmol mg of protein-' at the end of
the exponential growth phase and decreased sharply during the
stationary phase. The trehalose content steadily increased
during the exponential growth phase from 50 to 300 nmol mg
of protein-i. The data regarding NAGGN were similar to

VOL. 176, 1994

81



5214 TALIBART ET AL.

200 160 120 8 0 4 0 0

a ppm

FIG. 4. Natural-abundance 13C-NMR spectra of ethanolic extracts
from R. meliloti cells. Ethanolic extracts were prepared and analyzed as

described in Materials and Methods with bacterial cells grown in LAS
medium (A) or in 0.5 M NaCl-LAS medium without (B) or with (C) 1
mM ectoine. The spectrum of synthetic NAGGN is also given (D). d,
dipeptide (NAGGN); g, glutamate; t, trehalose. Each spectrum was

obtained under identical conditions (amount of cells corresponding to
80 mg of protein; 1,024 scans). Only the signals from panel A were

amplified (about fourfold).

those obtained with cells grown in the absence of ectoine.
Indeed, the dipeptide reached the same maximal intracellular
level (400 nmol mg of protein-') in the middle of the
exponential phase and then remained quite constant during
the growth.
To take into consideration the actual intracellular concen-

tration, the total cell volume was determined at the early, mid-,
and late exponential phases of growth. For cells grown on

no-salt medium with or without ectoine, the total cell volume
was 5 ± 0.4 ,u mg of protein-l (mean ± standard deviation);
at 0.5 M NaCl without ectoine, no significant change was

observed during growth (2.5 ± 0.2 RI mg of protein-'),
whereas in the presence of ectoine the cell volume increased
steadily from 2.5 ± 0.2 to 3.8 ± 0.3 ,ul mg of protein-' at the

beginning and at the end of growth, respectively. Conse-
quently, the calculated concentration of intracellular glutamate
was quite constant at about 250 mM. It should be mentioned
that this value is somewhat underestimated since the cytoplas-
mic volume could represent only 80% of the total cell volume
(39).
To confirm these observations, cells were grown in the

presence of ["4C]aspartate in 0.5 M NaCl-LAS medium with or
without ectoine. [1"C]NAGGN represented 50% of the radio-
activity in the earliest stages of growth, and its level decreased
slightly with time. In contrast, the percentage of [14C]trehalose
increased during the growth, more slowly in the presence than
in the absence of ectoine, while [14C]glutamate never ac-
counted for more than 20% of the radioactivity. These data
indicate that aspartate is the main source of carbons for
NAGGN and trehalose, whereas aspartate carbons contribute
poorly to glutamate synthesis.

Effect of ectoine on other rhizobium strains. The effect of
ectoine on R. meliloti 102F34 revealed in this study is different
from that observed with other osmoprotectants. To determine
whether this phenomenon is general or strain specific, we
examined the osmoprotective activity of ectoine on several
other rhizobial strains. Seven strains of Rhizobium and one
strain of Bradyrhizobium were therefore investigated for their
potential salt tolerance in the absence or presence of 1 mM
ectoine (Table 2). All these strains were salt sensitive and
showed a two- to fivefold increase of the generation time in the
presence of high salt concentrations. Addition of ectoine
improved the growth in high-salt medium and reduced by two-
to threefold the doubling time of all the strains except for one
Rhizobium sp. (from H. coronarium). Further experiments
showed that this strain was unable to take up [14C]ectoine. The
incorporation of 1 mM ectoine into culture media deprived of
NaCl did not significantly modify the growth rate. Moreover, as
for R meliloti, supplying the different rhizobial cells with
[14C]ectoine resulted in uptake without a significant intracel-
lular accumulation of this solute.

Controlling for the nodulating capacity of these different
strains by using M. sativa, P. sativum, T repens, and G. max as
host plants showed that R meliloti induced nodule formation
only on Medicago roots, whereas the other rhizobia nodulated
only their corresponding symbiotic plant partners.

DISCUSSION

In this report, we provide evidence that R meliloti 102F34 is
protected by ectoine against hyperosmotic stress, as previously
shown with glycine betaine (3). However, unlike glycine be-
taine, ectoine was also capable of protecting rhizobia insensi-
tive to most of the osmoprotectants assayed so far. Only
exogenously supplied trehalose has been found to more or less
protect a few strains of Rhizobium fredii (at 0.34 M NaCl) and
B. japonicum (at only 0.08 M NaCl) (11). The effect of glycine
betaine does not seem general, since a slight improvement in
the growth of B. japonicum RCR 3407 in the presence of 0.08
M NaCl has already been reported (10) whereas no beneficial
effect was found for other Bradyrhizobium strains (reference 3
and this study).

It is noteworthy that among the solutes which alleviate
osmotic growth inhibition, ectoine seems to play a peculiar
role. While there is a generally good correlation between
intracellular accumulation of the supplied osmoprotectant and
growth restoration under adverse conditions (7), our data
indicate that this does not hold true for ectoine in the case of
R meliloti. It has been reported that this molecule is accumu-
lated in Ectothiorhodospira halochloris (13) and in a variety of
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FIG. 5. Determination of the concentrations of the major intracellular solutes during the growth of R meliloti. Cells were grown in 0.5 M
NaCl-ILAS medium (A) or in 0.5 M NaCl-LAS medium containing 1 mM ectoine (B). Glutamate, NAGGN, and trehalose were determined as

described in Materials and Methods. Symbols: *, A420; 0, glutamate; *, NAGGN; l, trehalose.

halotolerant bacteria (20, 35) during growth under high salin-
ity. Recently, we identified ectoine in Brevibacterium linens and
showed that this molecule was by far the most prominent
solute synthesized and accumulated by this coryneform gram-
positive eubacterium as a function of medium osmolality (2).
Furthermore, we have demonstrated that exogenously sup-
plied ectoine was effective in relieving osmotic stress in E. coli
(20).

In R meliloti, the ectoine transport system appears specific,
inducible, and periplasmic protein dependent and, similar to
glycine betaine, ectoine can also be catabolized. The use of
strain GMI 766, which has the genes essential for the catabo-
lism of other known osmoprotectants such as trigonelline,
stachydrine, and carnitine deleted (15), led to the demonstra-
tion that ectoine catabolism may follow a different pathway.

TABLE 2. Improvement of growth of Rhizobia and Bradyrhizobia
strains by ectoine under high-osmolarity conditionse

Doubling time (h) in:

Minimal medium
Rhizobium Strain Minimal + NaCl

medium Without With
ectoine ectoinec

R. meliloti 102F34 4 20(0.5) 8
2011 5 35 (0.5) 16

B. japonicum 110 10 35 (0.2) 10
R leguminosanrm

Biovar viciae 2370 15 40 (0.2) 16
128C53 12 30 (0.2) 14

Biovar trifolii 2068 14 35 (0.2) 18
Rhizobium sp. (H. coronanum) 8 18 (0.2) 18

a Bacteria were grown as described in Materials and Methods. Data are the
means of triplicate assays (standard deviations never exceeded 5%).

b Final NaCl concentrations (molar) are indicated in parentheses.
c Ectoine was used at a final concentration of 1 mM.

Furthermore, no ectoine-derived metabolite was ever found
accumulated.
Under high-osmolarity conditions (0.5 M NaCl), R meliloti

did not accumulate ectoine at concentrations higher than 12
mM, which is obviously too low to make any significant
contribution to cell osmotic equilibrium. Intracellular-solute
analysis of salt-stressed cells in a medium containing or lacking
ectoine showed that this molecule, unlike the majority of
exogenously supplied osmoprotectants, did not suppress the
accumulation of endogenous solutes at all. Thus, glutamate,
trehalose, and the dipeptide NAGGN were still present at high
levels even in the presence of ectoine. Moreover, the intracel-
lular glutamate level strongly increased during the growth of
the cells, while the trehalose level increased towards at the end
of the exponential growth phase.

Interestingly, the knowledge of cell volume allowed demon-
stration of the parallel between glutamate content and cell
volume increases in cells grown in the presence of ectoine;
moreover, glutamate by itself appeared to contribute to bal-
ance by approximately 50% of the osmotic pressure of the
external medium (0.5 M NaCl). Therefore, its participation in
restoring cell turgor of stressed cells could not be neglected.
Glutamate, trehalose, and NAGGN have already been shown
to contribute together to the osmotic equilibrium of stressed
cells of both R meliloti (37) and Pseudomonas aeruginosa (9).
In the latter species, glutamate remains the most abundant
intracellular osmolyte and exogenously supplied glycine be-
taine does not totally obliterate (even at 0.7 M NaCl) the
accumulation of endogenous osmolytes as it does in E. coli
stressed cells (21).
Due to its high relative abundance and to the fluctuations of

its intracellular amounts in response to osmotic constraints,
glutamate seems to play a pivotal function in cell osmoregula-
tion. Its paramount importance in the primary response to
hyperosmotic conditions is universally accepted (for reviews,
see references 4 and 7), and its role in gene transcription,
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together with K+ ions, has been shown in vitro (33). In R.
meliloti 102F34 cultivated in the presence of 0.4 M NaCl, the
intracellular glutamate content increased more than eightfold
compared with that of the control without added salt. The
increase in glutamate level was accompanied by a concomitant
increase in potassium content, with neither glutamate dehy-
drogenase nor glutamate synthase (the enzyme working with
glutamine synthetase in the alternative ammonia assimilating
pathway) being responsible for the enhancement of glutamate
synthesis (6). Only the specific inhibition of aminotransferases
succeeded in blocking the synthesis and accumulation of
glutamate in stressed R meliloti cells. Therefore, it should
prove interesting to investigate further the role of these
enzymes in osmoregulation phenomena in R. meliloti.

Since ectoine exhibits osmoprotection in R. meliloti without
being accumulated by the cells, it is tempting to speculate that
its mechanism of action is situated at the gene expression level.
In this hypothesis, ectoine would trigger, after a lag period, the
expression of a set of osm genes (i.e., those encoding the
enzymes involved in endogenous osmolyte biosyntheses). This
hypothesis is consistent with the fact that several genes have
their transcription turned on by signals from the cell environ-
ment. Specifically, nod genes in R meliloti have been shown to
respond positively, in addition to a variety of phenolic com-
pounds, to trigonelline and to stachydrine, two betaines occur-
ring in the alfalfa host plant and released in their rhizosphere
(31, 34). Further investigations are needed to elucidate the
ectoine osmoprotection mechanism.
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